Control analysis is a powerful method to quantify the regulation of metabolic pathways. We have applied it to lipid biosynthesis for the first time by using model tissue culture systems from the important oil crops, olive (Oleu europaea L.) and oil palm (Elueisguineensis Jacq.). By the use of topdown control analysis, fatty acid biosynthesis has been shown to exert more control than lipid assembly under different experimental conditions. However, both parts of the lipid biosynthetic pathway are important, so that attempts to alter oil yield by manipulating the activity of a single enzyme step are very unlikely to produce significant increases.
Introduction
The theory and application of control analysis were first published over a quarter of a century ago [1,2]. However, the important points which control analysis makes about metabolism (reviewed in
[3]) have been largely lost on the average biochemist and, certainly, on most textbook writers ! Major concepts for control analysis are as follows : (i) control of flux is shared by all steps in a pathway, (ii) control coefficients measure each step, (iii) the sum of all control coefficients for a Key words: metabolic control analysis, oil palm, olive. Abbreviations used : ACP, acyl camer protein ; BUCA, bottom-up control analysis; DAG, diacylglycerol; TAG, triacylglycerol ; TDCA; top-down control analysis. 'To whom correspondence should be addressed (e-mail Harwood@carditT.ac.u k) .
linear pathway is 1, and (iv) control coefficients are appropriate for specific, defined conditions. The key observation is that control of flux down a linear pathway is shared by all the constituent steps and there is no such thing as a key 'regulatory enzyme'. In fact, the contribution of individual steps in controlling overall flux may vary depending upon experimental conditions in vitro or developmental, physiological and environmental conditions in vivo.
The first application of metabolic control analysis to plant lipid metabolism was the demonstration [by bottom-up control analysis (BUCA) using a specific inhibitor] that acetylCoA carboxylase exerted strong flux control (55-65 yo of the total) during light-stimulated fatty acid synthesis in leaves [4] . However, BUCA is often difficult to apply to whole pathways because a complete analysis requires the ability to selectively manipulate every enzyme step in the pathway. In the case of plant lipid biosynthesis, only a limited number of specific inhibitors or appropriately manipulated transgenic varieties can be used. In our current studies, therefore, we chose to use top-down control analysis (TDCA) to give an immediate overview of the control structure of the whole pathway, thus giving information about the control exercised by large sections of a complex pathway. This was particularly appropriate for studying olive and oil palm, two commercially important oil crops [S], but for which genetically modified varieties are not available. Moreover, because so little is known about the regulation of lipid synthesis in plants [6], the use of TDCA was a particularly appropriate approach to gain an -I043 initial picture of the control structure of the whole lipid biosynthetic pathway.
Results
In our experiments, the system was characterized using temperature to change the overall rate of lipid biosynthesis [7] . Data from such experiments showed that [l -14C]acetate could be used as an initial substrate for the pathway, as it was rapidly taken up by the tissue cultures and radioactivity was incorporated efficiently into fatty acids, acyl-thioesters and various complex lipids, including the final storage product, triacylglycerol (TAG) [7] . Side reactions, such as the incorporation of radiolabelled fatty acids directly into chloroplast lipids from acyl-acyl carrier proteins (ACPs) or hydrolysis of acyl-thioesters, were not significant. I t was also possible to study lipid assembly more directly by utilizing ['4C]glycerol with callus cultures or ['4C]glycerol 3-phosphate with microsomal fractions prepared from the cultures. Therefore, plant lipid biosynthesis could be divided simplistically into the pathway shown in Figure 1 . Through TDCA, the pathway was divided into two blocks, the first of which was fatty acid biosynthesis [which included, among other enzymes, acetyl-CoA synthase, acetyl-CoA carboxylase, the various enzymes of fatty acid synthase and stearoyl-ACP desaturase] which takes place in the plastid [8]. T h e acyl-CoA pool was the system intermediate and lipid assembly that involved all the reactions associated with the Kennedy pathway [9] was the second block of reactions. T h e latter takes place in the endoplasmic reticulum [8] and, therefore, is in a separate subcellular compartment to the fatty acid biosynthesis block of reactions. T h e simplified system used for T D C A is shown in Figure 2 and further explanation can be found in [7, 10] .
In order to obtain quantitative data, a method is needed to manipulate the pathway. We have used both single-and double-manipulation procedures. For the single-manipulation, exogenous fatty acid was used. This method caused a decrease in fatty acid synthesis (Block A reactions) and speeded-up lipid assembly (Block B reactions) [lo] . For the double-manipulation, inhibitors were used that reduced the activity of enzyme(s) either in Block A or in Block B [ll] .
Results from the different experiments gave very similar overall results. These are summarized Pathway reactions in lipid biosynthesis grouped together to allow a conceptually simplified system (described in [ 101)
Carbon flux from the substrate pool, acetate, enters Block A to produce fatty acids. These fatty acids are then exported to the cytosol as acyl-CoA esters. which then serve as substrates for the Kennedy-pathway enzymes during TAG synthesis on the endoplasmic reticulum. Therefore, the two blocks of reactions are connected via a single pool of cytosolic acyl-CoA (as the system's intermediate in Table 1 . Basically, the control of lipid biosynthesis is shared between the two blocks of reactions, but with fatty acid biosynthesis exerting somewhat more control than lipid assembly. In oil palm, under the experimental conditions used, fatty acid synthesis appeared to be somewhat more important than in olive, although, because of the variability between individual calli, this was not statistically significant (cf.
[lo]). Thus, these results show that, in both tissues, approx. 60% of the control in lipid biosynthesis resided in the fatty acid synthesis block of reactions. This agreed with results from other studies, which suggested that fatty acid supply is more important than lipid assembly for T A G accumulation in oil crops [12, 13] . Nevertheless, it must be emphasized that approx. 40% of the total control resides in the lipid assembly reactions. This would imply that increasing the expression of genes and, hence, the activity of individual enzyme steps in Block A would not necessarily increase product yields and could explain the disappointing results obtained with many transgenic crops [6] . During our manipulation experiments, some detailed information was also gained about individual reaction steps that were of interest, especially in considering differences which may be present in individual crops. It was noticed that, when the rate of lipid biosynthesis (and T A G accumulation) was increased, there was a build-up of the penultimate product of the Kennedy pathway, diacylglycerol (DAG), in olive but not in oil palm. This happened when either temperature or exogenous fatty acids were used to increase T A G formation (Table 2) , and implied that DAG acyltransferase could have been exerting more flux control in olive than in oil palm. Direct measurement of the flux control coefficient for DAG acyltransferase [ 1 13 confirmed this conclusion. This observation agrees with results from other studies [14, 15] , that DAG acyltransferase can be important for flux control in some crops and under some specific circumstances. Moreover, the We thank the Malaysian Palm Oil Board (formerly PORIM) and Du Pont for financial support.
